Clinical efficacy of intravitreal anti-VEGF drugs has been widely demonstrated in several angiogenesis-driven eye diseases including diabetic macular edema and the neovascular form of age-related macular degeneration. Pegaptanib, ranibizumab, and aflibercept have been approved for use in the eye, whereas bevacizumab is widely used by ophthalmologists to treat patients "off-label". These drugs are active in the nanomolar to picomolar range; however, caution is required when establishing the rank order of affinity and potency due to in vitro inter-experimental variation. Despite the small doses used for eye diseases and the intravitreal route of administration may limit systemic side effects, these drugs can penetrate into blood circulation and alter systemic VEGF with unknown clinical consequences, particularly in vulnerable groups of patients. Clinical pharmacokinetics of ocular anti-VEGF agents should therefore be taken into account when choosing the right drug for the individual patient. The gaps in current understanding that leave open important questions are as follows: (i) uncertainty about which drug should be given first, (ii) how long these drugs can be used safely, and (iii) the choice of the best pharmacological strategy after first-line treatment failure. The current review article, based on the information published in peer-reviewed published papers relevant to anti-VEGF treatments and available on the PubMed database, describes in detail the clinical pharmacology of this class of drugs to provide a sound pharmacological basis for their proper use in ophthalmology clinical practice.
Introduction
Angiogenesis plays an important role in tissue development and function and in the pathogenesis of many ocular diseases, including ocular ischemic syndrome, proliferative retinopathies, and neovascular glaucoma [1] . Angiogenesis was found to be regulated by a complex signaling network composed by vascular endothelial growth factors (VEGFs) and their cognate receptors (VEGFRs), placental growth factor (PlGF), angiopoietin and Tie receptors, plateletderived growth factor-B (PDGF-B), stromal-derived factor-1 (SDF-1), hypoxia-inducible factor-1 (HIF-1), and signals from extracellular matrix [2] . The VEGF-VEGFR pathway has been shown to be important in regulating embryo vasculogenesis as well as adult angiogenesis [3] . In the eye, VEGF is mainly produced by vascular endothelial cells or pericytes and also by retinal neurons and astrocytes, Müller cells, retinal pigment epithelium, and non-pigmented ciliary epithelium [4] . Low-oxygen conditions cause upregulation of VEGF through the induction of HIF-1 and the consequent transcriptional activation of target genes [5] . Increased VEGF transcription and upregulation of angiogenesis serve to restore oxygen and nutrition supply for tissues affected by hypoxia [6] . VEGF may also contribute to the inflammatory process by inducing the expression of vascular cell adhesion molecule 1 (VCAM-1) enhancing leukocyte recruitment and endothelial cell adhesion and increasing blood-retinal blood barrier breakdown [5] . Beside angiogenesis, inflammation may also be involved in the development and progression of eye diseases such as retinal vein occlusion (RVO), diabetic retinopathy, neovascular age-related macular degeneration (AMD), or neovascular glaucoma [5] . For these reasons, anti-VEGF therapy represents as a potent and effective weapon against neovascular AMD, complications of diabetic retinopathy, and RVOs.
Structural features
Intravitreal anti-VEGF agents are the result of innovative biotechnology processes aimed at creating high-affinitytargeted drugs. Different structural features of these molecules represent the fundamental basis for the comprehension of their clinical pharmacology. Following are the approved drugs for human use in eye: pegaptanib, ranibizumab, and aflibercept. Pegaptanib was the first aptamer approved for use in humans. It is a 40-kDa RNA polyethylene glycollinked molecule having a VEGF-binding sequence of 27 nucleotides plus an additional 3′-3′-terminal deoxythymidine [7] . Ranibizumab is a 48-kDa recombinant humanized immunoglobulin G1κ isotype monoclonal antibody fragment (Fab) devoid of the Fc portion [8] Aflibercept is a 115-kDa fusion protein obtained combining the Fc portion of a full monoclonal antibody and the two highest affinity domains of VEGF receptor type-1 (R1) and VEGFR2 [9] . Bevacizumab is a fully humanized IgG1 of 148 kDa administered by intravenous route in cancer patients [10] . This drug is also widely used intravitreally by ophthalmologists to treat patients "off-label" since there is no Federal Drug Administration (FDA) approval for it to be used as the treatment of wet AMD or diabetic macular edema (DME).
Pharmacodynamics
Intravitreal anti-VEGF drugs inhibit the functional activity of proangiogenic factors with different target selectivity, affinity, and potency. Pegaptanib selectively binds to VEGF165, whereas ranibizumab and bevacizumab bind to all the VEGF-A isoforms, while aflibercept is able to trap VEGF-A, VEGF-B, and PlGF (Table 1) . Two major parameters that are used as pharmacodynamic biomarkers are as follows: the "drug affinity" and the "potency". Drug affinity measures how strong a drug can bind to its receptor, while potency is the amount of drug needed to produce a pharmacological effect (the smaller the dosage required, the more potent the drug) (Fig. 1 ). All these drugs have affinity and potency in the nanomolar to picomolar range with a remarkable betweenstudy variation [11] [12] [13] [14] [15] . For example, in some studies the dissociation constant (K d ) value is tenfold lower for ranibizumab than bevacizumab (<179 and 1800 pM, respectively) [11, 13] , whereas others found that the two drugs had similar affinities (K d values of 46 and 58 pM, respectively) [12] . This Drugs administered by systemic route as anticancer agents Fig. 1 Mechanism of action of intravitreal antiangiogenic drugs. Angiogenic factors (e.g., VEGF) stimulate their specific receptors (e.g., VEGFR) activating the signaling cascade. Binding of intravitreal antiangiogenic drugs to their ligands (e.g., VEGF) form the drug-ligand complex (DL) preventing ligand/receptor interaction and keeping (or turning) the angiogenic switch off. Affinity is defined as the degree of attraction between drug and the target, and it is expressed by the dissociation constant, K d (that is, the ratio between dissociation (K off ) and association (K on ) rates). K d is the inverse of the affinity to the binding site (i.e., the lower the K d , the higher the affinity). Potency is the amount of drug needed to produce the pharmacological effect. For these drugs, potency is expressed by the half maximal inhibitory concentration (IC 50 ), a measure of the effectiveness of a substance in inhibiting a specific biological function (the lower the IC 50 , the higher the potency) discrepancy could be due to the different methodologies used to evaluate the parameter (e.g., ELISA versus Biacore) and the assay used, particularly when binding kinetics and affinities were measured by Biacore [14] . Indeed, when measured over three assay formats, K d values for ranibizumab ranged from <9.2 to 67 pM, those for bevacizumab from 75.4 to 4456 pM, and those for aflibercept from 1.8 to 9263 pM [14] . Interesting to note, Biacore analysis by Papadopoulos et al. showed a binding affinity for aflibercept about 100-fold higher than ranibizumab and bevacizumab with a K d value of 0.49 pM [12] . On the other hand, there was no difference in terms of VEGF affinity between aflibercept and ranibizumab when sedimentation velocity analytical ultracentrifugation was used to support the binding affinities determined by Biacore [14] ( Table 1) . Potency of anti-VEGF drugs was tested on VEGF-A-or PlGF-2-induced activation of VEGFR1 using a specific luciferase assay in human HEK293 cells [12] . In these experimental models, aflibercept showed a 45-92-fold greater blocking potency compared to either ranibizumab or bevacizumab, with an IC 50 mean value of 16 pM for blocking VEGFR1 activation induced by 20 pM VEGF-A165 (Table 1) . Furthermore, aflibercept also blocked luciferase activity induced by human PlGF-2 (40 pM) with an IC 50 value of 2.9 nM [12] . These findings are in contrast with those obtained through bioassay analyses of VEGFstimulated proliferation of bovine retinal microvascular endothelial cells, a well-established physiologically relevant cell type to investigate angiogenesis [14, 15] . In this in vitro model, ranibizumab and aflibercept were found to have very similar potencies (IC 50 values of 88 and 90 pM, respectively), whereas bevacizumab was about fivefold less potent (IC 50 value of 500 pM) than its competitors [15] (Table 1) . Finally, it has been recently demonstrated by scratch test assay that ranibizumab was more effective than aflibercept in reducing the angiogenic potential of the human endothelial vascular cell line HECV [16] . As the authors stated, these findings appear to be noteworthy since choroidal neovascularization (i.e., a pathologic feature of several vascular diseases of the retina) can be referred to as wound healing or tissue repair [16] . Binding studies performed on human umbilical vein endothelial cells and on human dermal microvascular endothelial cells demonstrated that pegaptanib inhibited binding of 125I-labeled VEGF to its receptor with IC 50 values in a concentration range of 0.75-1.4 nM [7] ( Table 1) .
Pharmacokinetics of anti-VEGF drugs
Pharmacokinetics of intravitreal anti-VEGF drugs has been studied in experimental models as well as in humans with remarkable interspecies variation. In a rabbit model, the vitreous half-life (t 1/2 ) of VEGF-Trap (3.63 days) [17] has proven to be shorter than that of bevacizumab (6.99 days) [18] and longer than that of ranibizumab (2.51 days) [19] . In apparent contrast with these findings are those showing that t 1/2 values in aqueous humor of macaque eyes were similar for ranibizumab and aflibercept (2.3 and 2.2 days, respectively) [20] . Vitreous elimination t 1/2 for ranibizumab was calculated to be 9 days in patients with AMD [21] and 7.2 days in non-vitrectomized eyes of patients with both clinically significant cataract and macular edema secondary to diabetic retinopathy [22] . In patients with choroidal neovascularization, vitreous pharmacokinetics of bevacizumab followed a two-compartment model with a terminal t 1/2 of 6.7 days [23] . Thus, notwithstanding these molecules have different molecular sizes and structures they display comparable mean vitreous t 1/2 in humans.
Several evidences from preclinical and clinical studies clearly demonstrated that the presence of the neonatal Fc receptor (FcRn) in the blood retinal barrier might affect the ability of intravitreally injected Fc-carrying molecules to penetrate into the systemic circulation (Fig. 2) . The FcRndependent penetration of intravitreal-administered bevacizumab through the blood retinal barrier into the blood system has been demonstrated in wild type, but not in FcRn knockout mice [24] . These findings are in line with those derived from a pharmacokinetic study investigating intravitreal ranibizumab (0.5 mg) and bevacizumab (1.25 mg) in a rabbit model [25] . In this experimental condition, small amounts of intravitreal bevacizumab have been detected in Intravitreally injected Fc-carrying molecules can penetrate into the systemic circulation by a FcRn-dependent transport. The presence of the Fc portion may also reduce systemic clearance thus prolonging drug exposure (see text for further details). Renal clearance may depend on the molecular size; in particular, the higher the molecular weight, the lower the drug clearance (e.g., pegylated molecules, fulllength monoclonal antibodies). FcRn neonatal Fc receptor, BRB blood retinal barrier the serum as well as in the fellow uninjected eye, while no ranibizumab was detected [25] .
Beyond distribution from the eye into the blood circulation, systemic clearance of intravitreal anti-VEGF drugs may depend on their molecular size and presence of the Fc function. For example, the pegylated-aptamer pegaptanib displays a mean plasma t 1/2 of about 7-8 days for an intravitreal dose of 0.3 mg [26] , with no plasma accumulation after eight doses repetition [26] . In particular, those with lower creatinine clearance and/or weight had higher pegaptanib plasma concentrations. Full-length mAbs are not excreted into urine because of their molecular size [27] , while they are recycled from endothelial cells back into the bloodstream though a FcRn-mediated mechanism [27, 28] . In line with these data, systemic pharmacokinetics of intravenous bevacizumab follows a two-compartmental model, with an elimination t 1/2 of about 19 days [29] . At variance with this, the systemic elimination t 1/2 for ranibizumab following intravitreal administration was calculated to be~2 h, although the apparent plasma t 1/2 of ranibizumab would instead be 9 days, that is equivalent to its vitreous t 1/2 because vitreous elimination is the rate-limiting step [21] . Aflibercept structure was specifically designed to extend in vivo t 1/2 while maintaining the high affinity of the initial soluble decoy receptor; this aim was obtained by fusing the first three Ig domains of VEGFR1 to the Fc portion of human IgG1. The prolonged in vivo pharmacokinetics of aflibercept warrants an effective suppression of the growth and vascularization of tumors in vivo [30] . Although no data are available in humans for intravitreal aflibercept, terminal elimination t 1/2 of free drug in plasma was estimated to be 5-6 days after intravenous injection [31] . Accordingly, while aflibercept is also currently used as an anticancer agent, ranibizumab is licensed only for intravitreal administration (Table 1) .
These findings are in line with those recently obtained in wet AMD patients administered intravitreally with 0.5 mg ranibizumab, 1.25 mg bevacizumab, or 2 mg aflibercept, where systemic exposure levels, in terms of peak and trough concentrations and area under the curve, were bevacizumab > aflibercept > ranibizumab with no evidence of accumulation after repeated doses for ranibizumab only [32] .
These findings clearly showed that Fab fragments are eliminated more rapidly than intact mAbs, which can be explained by the fact that these molecules lack an Fc part and hence protection by the FcRn (Fig. 2) .
Pharmacokinetic-pharmacodynamic relationships
One important point that needs to be addressed is whether plasma concentrations reached after intravitreal administration of anti-VEGF drugs can produce measurable effects on target proteins. In patients with neovascular AMD, aflibercept substantially suppressed plasma-free VEGF to mean levels below lower limit of quantitation (10 pg/ml) starting from 3 h until ≥7 days post dose. Ranibizumab, instead, did not affect mean free VEGF levels with mean trough level of 14.4 pg/ml compared with baseline of 17 pg/ml [32] . This is in line with data showing that, after monthly and quarterly intravitreal administration, the plasma concentrations of ranibizumab at steady state (for both the 0.3 and 0.5 mg per eye dose levels) were estimated to be below the range needed to inhibit VEGF-Ainduced endothelial cell proliferation in vitro by 50% (i.e., IC 50 ) [21] . Plasma VEGF levels were also strongly reduced (about 80%) by bevacizumab from 89.7 pg/ml to 25.1 pg/ml after 7 days (p = 0.01), and to 22.8 pg/ml after 1 month (p = 0.008), in patients with exudative AMD [33] . Noteworthy, the same results were obtained in patients with DME, where systemic VEGF reduction by bevacizumab was observed with a significant decrease of baseline level from 72.2 pg/ml to 13.7 pg/ml after 7 days (p = 0.008) and 17.1 pg/ml at 4 weeks with (p = 0.012). No significant reductions of plasma VEGF levels were observed in patients receiving ranibizumab or pegaptanib during follow-up [33] . Furthermore, Wang et al. found that aflibercept decreased the baseline VEGF levels from 28.3 pg/ml to below the detectable limit at 1 week (p < 0.0001) in neovascular AMD patients, whereas no significant difference was observed in the ranibizumab group [34] . The systemic inhibitory effect on VEGF-A was more pronounced in neovascular AMD patients receiving intravitreal aflibercept compared to those administered with bevacizumab, while ranibizumab did not affect systemic VEGF [35] . Noteworthy, they also found a significant upregulation, a slight statistically non-significant increase and no detectable effects on systemic PlGF after intravitreal aflibercept, bevacizumab, and ranibizumab, respectively [35] . Since it has been widely recognized that PlGF acts as a synergistic amplifier of VEGF-driven angiogenesis [36] , these findings demonstrate the presence of a host counter-regulatory response to systemic VEGF-A inhibition induced by intravitreal aflibercept, bevacizumab, and ranibizumab, respectively [35] .
Clinical efficacy
Efficacy of anti-VEGF therapy has been proven by several independent phase III clinical trials. For instance, the CRUISE and BRAVO studies demonstrated the efficacy of monthly ranibizumab for macular edema after central RVO [37, 38] . Specifically, patients with macular edema due to RVO experienced clinically and statistically significant improvements in best-corrected visual acuity (BCVA), as compared with patients receiving sham injections. Alternative treatment schedules with less frequent than monthly ranibizumab injection are currently used in AMD patients and could also be applied to patients with RVO. The HORIZON trial assessing long-term safety and efficacy of intraocular ranibizumab injections in patients with macular edema after RVO demonstrated that reduced follow-up and fewer ranibizumab injections in the second year of treatment were associated with a decline in vision in central RVO patients, while vision in branch RVO patients remained stable. Therefore, central RVO patients may require more frequent follow-up than every 3 months [39] . DME represents another important field of application of anti-VEGF therapy. The RESOLVE, RESTORE, RISE, and RIDE studies for DME [40] [41] [42] [43] [44] demonstrated how singleagent ranibizumab gained the best BCVA when compared to laser treatment alone or in association with laser treatment itself. In 2014, aflibercept also obtained the FDA approval for DME based on two studies, VISTADME and VIVIDDME, aimed at comparing aflibercept with macular laser photocoagulation. Patients treated with aflibercept were able to read, on an average, two additional lines on an eye chart, while control patients showed no improvement [45] . When initial visual acuity loss was mild, there were no apparent differences among treatment groups in terms of efficacy, whereas patients with a severe loss of visual acuity at baseline respond better to aflibercept than bevacizumab or ranibizumab [46] .
The largest application of anti-VEGF agents in ophthalmology is represented by neovascular AMD [47] [48] [49] . Pegaptanib, the first VEGF inhibitor to obtain US FDA approval for CNV in AMD in 2004, is administered as an intravitreal injection every 6 weeks. The VEGF Inhibition Study in Ocular Neovascularization (VISION) trial demonstrated that 70% of patients treated with pegaptanib lost less than three lines of vision compared with 55% of controls (p < 0.001). Unfortunately, a minority of patients gained vision with this therapy [50] . Since 2004 till 2006, prior to ranibizumab approval, anecdotal evidence led to the widespread off-label use of bevacizumab in wet AMD despite the lack of clinical evidence to support its safety or efficacy. In 2006, data from the Minimally Classic/Occult Trial of the anti-VEGF antibody ranibizumab in the treatment of neovascular AMD (MARINA) trial, demonstrated the efficacy of ranibizumab in patients with minimally classic or occult CNV secondary to AMD. Over 2 years, monthly injections of ranibizumab significantly reduced retinal thickness with~90% of patients losing fewer than 15 lines of vision [51] . The anti-VEGF antibody for the treatment of predominantly classic choroidal neovascularization in AMD (ANCHOR) study demonstrated that~40% of patients treated with monthly ranibizumab injections had gained 15 or more lines of vision compared with 6% of PDT-treated patients [52] . Many efforts have been made to understand the best anti-VEGF regimen to be used. Current guidelines for ranibizumab suggest starting with an initiation/induction phase followed by an individual maintenance phase that can be achieved by the following two different approaches: traditional PRN or "treat and extend" [53, 54] . The analysis of these reports highlights an important trend: the best visual acuity results derived from the study with the largest average number of treatments and the closest follow up, whereas the poorest outcomes were observed in the study with the lowest mean number of treatments and office visits. No difference in efficacy was observed between bevacizumab and ranibizumab, when the two drugs were administered with the same treatment schedule [55] .
Aflibercept received the FDA approval for the treatment of neovascular AMD at the recommended dose of 2.0 mg every 8 weeks after an induction period of 3 monthly injections. Clinical efficacy of intravitreal aflibercept was supported by VIEW 1 and VIEW 2, two randomized, multicenter, double-masked, controlled clinical trials that demonstrated noninferiority of aflibercept compared to ranibizumab [53, 54] . Noteworthy, the use of a less frequent treatment regimen (i.e., ranibizumab every 2 months instead of monthly injections) may reduce treatment burden for patients and healthcare costs. With particular regard to neovascular AMD, it is also important to emphasize how the availability of several anti-VEGF molecules may be a great advantage for those patients who do not respond to or develop tachyphylaxis after first-line treatments.
There have also been attempts to apply anti-VEGF drugs in the management of other forms of diabetic retinopathy, retinopathy of prematurity, and choroidal neovascularisation caused by angioid streaks, pathologic myopia, traumatic choroidal rupture, or ocular histoplasmosis [56] , and for the treatment of corneal neovascularisation [57] . Furthermore, anti-VEGF drugs might be used as potent adjuvant treatments in glaucoma filtering surgery and in the management of neovascular glaucoma [58] . Based on current knowledge, anti-VEGF therapy neither causes structural destructive changes in the retina (as lasers do), nor induces cataract formation (as steroids do) [56] .
Local and systemic safety concerns
The LacZ-tagged allele is a knock-in strategy generated to assess the role of VEGF during embryonic development. It consists in introducing a LacZ reporter gene into the 3′-untranslated region of the endogenous VEGF locus by homologous recombination [59] . The VEGF-LacZ mice have also been used to demonstrate that VEGF is expressed in virtually every tissue, having a pivotal role in adults to stabilize mature vessels [60] . Therefore, it is important to take into account any possible local and systemic adverse events in patients receiving intravitreal anti-VEGF drugs. For example, it has been proposed that anti-VEGF injections may accelerate the onset and progression of geographic atrophy (GA) in eyes previously affected by choroidal neovascularization [61] . Preclinical models demonstrated indeed that endogenous VEGF provides critical trophic support necessary for retinal function. For example, conditionally knocking out VEGF-A in adult mouse retinal pigmented epithelial cells leads to vision loss and ablation of the choriocapillaris [62] . Furthermore, mice lacking of VEGF120 and 164 isoforms were shown to experience changes similar to GA including atrophy of the choriocapillaris, abnormalities of retinal pigment epithelium and Bruch's membrane as well as increased photoreceptor apoptosis [63] .
Although not yet tested in prospective studies, preclinical evidences and reviewed data from the IVAN, CATT, and HARBOR trials [64] [65] [66] seem to support such an hypothesis.
Systemically delivered anti-VEGF drugs are widely recognized to reduce vascular hyperpermeability, raise systemic arterial blood pressure and promote the development of thromboembolic events [67] . Furthermore, preclinical findings demonstrated that a decoy VEGFR promotes left ventricular dilatation and contractile dysfunction [68] .
Bevacizumab treatment has been associated with an increased risk of significant heart failure in patients with breast cancer [69] . Furthermore, it has been reported that the lowest approved doses for intravenous bevacizumab (i.e., 2.5 mg/week) can be sufficient for reaching the saturation level to promote cardiac function impairment [69] . Therefore, on the basis of these considerations, it could be assumed that these same risks might occur after intravitreal injection, provided that anti-VEGF drugs are able to reach the circulation at biologically active concentrations.
In the present paper, we have already discussed about structural and pharmacological differences among ocular anti-VEGF drugs. Compared to bevacizumab and aflibercept, ranibizumab lacks the Fc portion and has a small molecular size, which account for its lower systemic exposure and reduced ability to suppress circulating plasmafree VEGF following intravitreal injection. Even though only small amounts of bevacizumab and aflibercept are released from the eye into the systemic circulation, compared with the amount released after the high dosages used in oncology, mean serum concentrations of these drugs after intravitreal administration remained above their IC 50 values for VEGF-A ≥ 7 days post dose. As previously mentioned, these exposure levels were sufficient to suppress circulating VEGF in vivo [32] . Overall, these findings underline the importance to consider clinical pharmacokinetic and pharmacodynamics parameters of ocular anti-VEGF drugs as clinically meaningful risk indicators for systemic cardiovascular adverse events.
The clinical question is whether extensive systemic VEGF inhibition actually increases the risk of cardiovascular side effects in patients with AMD and/or DME. This is currently unknown since registration trials were not statistically powered to answer this specific question. A study designed with this aim would have to enroll tens of thousands of patients to detect a meaningful difference for these rare events, especially in a target population with comorbidities that include the study end points. Furthermore, it is worthy of mention that absence of evidence is not evidence of absence and, based on compelling clinical trial subgroup analysis and pharmacokinetic-pharmacodynamic considerations, the risk of cardiovascular adverse events after intravitreal administration of anti-VEGF drugs cannot be excluded a priori, particularly in patients with comorbidities. Finally, even if we do not have a direct demonstration on such a relationship, we do have some indirect evidences of it. For example, it has been reported that, in patients not treated with intravitreal anti-VEGF drugs who experienced a myocardial infarction (n = 293), low plasma VEGF levels (<61.0 pg/ml) 7 days after the onset of the acute episode were associated with a significantly increased risk for further major adverse cardiovascular and cerebrovascular events (i.e., cardiac death, recurrent acute coronary syndrome, hospital readmission for heart failure, or stroke) compared to those with middle (61-176 pg/ml; n = 294) and high (≥176 pg/ml; n = 292) levels [70] . Interestingly, 7 days after intravitreal bevacizumab, baseline plasma VEGF levels were 25.1 pg/ml (p = 0.01) and 13.7 pg/ml (p = 0.008) in patients with ARMD and DME, respectively [33] . After intravitreal injection of aflibercept, plasma VEGF-A levels at baseline were also significantly low (p < 0.001): values were below the minimum detectable dose in 17 of 19 patients, resulting in a median and an interquartile range of <9.0 pg/ml, 7 days post treatment [35] .
This information should be taken into careful account in vulnerable groups, including patients of 85 years and older, those with prior strokes, diabetics with significant comorbidities, pregnant and lactating women, presence of retinopathy of prematurity, and previous experience of adverse events likely related to VEGF suppression during intravitreal anti-VEGF therapy. Strategy for treatment optimization of intravitreal anti-VEGF treatment in these conditions could comprise drugs with less systemic exposure (e.g., ranibizumab instead of bevacizumab or aflibercept) administered at the minimum effective dose (e.g., 0.3 versus 0.5 mg for ranibizumab).
The role of PlGF deficiency in ischemic cardiovascular disease has been recently demonstrated [71] . It opens another intriguing question regarding the clinical consequences associated to a prolonged systemic PlGF inhibition in patients with eye diseases treated with aflibercept. PlGF-deficient mice display reduced angiogenesis in the border zone of the infarcted myocardium, whereas PlGF gene or protein transfer in infarcted mice stimulates angiogenesis improving cardiac recovery [71] . It has also been reported that elevated serum levels of the PlGF trap, sFLT1, may be an independent predictor of adverse outcome in patients with suspected acute myocardial infarction [72, 73] . Nonetheless, it is worth mentioning that systemic upregulation of PlGF induced by intravitreal aflibercept (as a counter-regulatory response to VEGF-A inhibition) cannot be prevented by its PlGF antagonism [35] , suggesting that systemic aflibercept concentrations could be insufficient to alter PlGF homeostatis. Aflibercept has indeed an IC 50 for PlGF in the nanomolar range (i.e., 2.89 nM) [12] , and systemic concentrations reached after intravitreal injections are well under this value [32] .
Predictive factors of drug response
There is uncertainty about which anti-VEGF drug should be given first, how long these drugs can be used safely and the appropriate pharmacological strategy after the first-line treatment failure (e.g., drug dosage and drug-free intervals, combination treatments with drugs from a different class, and treatment with different members within the same class).
A trade-off analysis aimed at comparing efficacy and safety for all currently used anti-VEGF formulations in patients with AMD found no substantial difference between aflibercept 2 mg and ranibizumab 0.5 mg. Furthermore, these treatments demonstrated only a modest superiority over ranibizumab 0.3 mg, aflibercept 0.5 mg, and bevacizumab 1.25 mg [74] . Therefore, the equivalence in terms of efficacy among the anti-VEGF drugs used in these studies point to VEGF-A as a major determinant of drug response in wet AMD, whereas VEGF-B and PlGF appeared to have a secondary role. An interesting clinical question is whether these latter angiogenic factors may be considered as predictors of drug response in angiogenesisbased eye diseases other than AMD. Some clinical difference among anti-VEGF drugs has emerged with aflibercept leading to a greater visual acuity improvement over bevacizumab or ranibizumab in the DME patients at worse levels of initial visual acuity [46, 75] . At variance with other anti-VEGF agents, aflibercept can also block PlGF with high affinity and preclinical investigations demonstrated that PlGF is a key angiogenic and proinflammatory factor that may play a role in ocular angiogenesis [76] [77] [78] . Although these findings suggest that patients with worse baseline visual acuity may benefit better from aflibercet than ranibizumab or bevacizumab, caution is required before translating these results into clinical recommendations. Indeed, it has been recently demonstrated that, while aflibercept maintained superior 2-year visual acuity outcomes compared with bevacizumab, superiority of aflibercept over ranibizumab noted at 1 year was no longer observed at year 2 with respect to the worse seeing group [79] . According to preclinical data showing a substantial equivalence between ranibizumab and aflibercept in terms of VEGF-A affinity and potency [14, 15] , the long-term comparable benefit produced by these two drugs suggests that VEGF-A remains the key determinant of drug response also in DME patients and that the ability to block the function of VEGF-A is the major mechanism of action responsible for aflibercept efficacy. To further reinforce this notion, compelling evidences were provided that VEGF-A, but not PlGF, impairs the barrier function of immortalized bovine retinal endothelial cells, a well-recognized model able to predict the altered permeability of retinal endothelial cells observed in diabetic retinopathy [80] .
Another interesting clinical question is whether the raise in other angiogenic signaling pathways aimed to compensate the blocked activity of VEGF might be responsible for the attenuated response after repeated administration of anti-VEGF drugs observed in some clinical trials. Several lines of evidence suggest a role of PlGF in coordination with VEGF-A during ocular angiogenesis. For example, it has been clearly demonstrated in transgenic mice that endothelial cells can amplify their responsiveness to VEGF during the angiogenic switch by upregulating PlGF [81] . These finding are in agreement with those showing that co-inhibition of VEGF-A and PlGF significantly reduces the vessel density in a laser burn-induced experimental choroideal neovascularization mouse model [78] . Finally, intravitreal aflibercept has been demonstrated to simultaneously upregulate and downregulate systemic PlGF and VEGF-A, respectively, in AMD patients [35] .
Although these evidences seem to support the role of PlGF as a possible mechanism of drug resistance, a lot of factors other than PlGF could be associated to poor or nonresponsive phenotype. These include: suboptimal dosing, prolonged dosing intervals, delayed administration (i.e., when disease is already at an advanced stage), lesion type, genetic variation and tachyphylaxis/tolerance [82] [83] [84] [85] [86] [87] . It is also worth mentioning that poor responders are a minority compared to patients who benefit from treatment with anti-VEGF drugs. In particular, it has been found that only 15% of treated patients did not sufficiently respond to ranibizumab or bevacizumab (loss of three lines of distance acuity, increase of retinal thickness or lesion size) [88] . Furthermore, based on their molecular mechanism of action it is expected that clinical drug resistance to anti-VEGF drugs due to tachyphylaxis is uncommon. As a matter of fact, of 976 patients treated with ranibizumab, only 2% of them developed tachyphylaxis [89] and tachyphylaxis was observed in only 8% of patients treated with intravitreal bevacizumab after 100 weeks and eight intravitreal injections. Noteworthy in this study, non-response could not be rescue with increasing dosage [90] . Tolerance is a slow loss of efficacy over time that could occur as a consequence of an increased expression of VEGF or its receptors, changes in signal transduction pathways, a switch towards angiogenic factors other than VEGF-A (pharmacodynamic tolerance), and the development of neutralizing antibodies (pharmacokinetic tolerance). In line with this notion, significant benefit for non-responders were commonly observed in tolerant patients when treatment was changed to a different anti-VEGF drug [91] [92] [93] [94] [95] .
Therefore, the application of the best treatment strategy in these specific patients' categories would require the knowledge of the precise mechanism underlying the clinical resistance to anti-VEGF drugs. For example, in the presence of circulating neutralizing antibodies against ranibizumab [52] and bevacizumab [90] , the use of a nonimmunogenic drug (e.g., aflibercept), could be a valuable treatment option. Furthermore, in the presence of pharmacodynamic tolerance, increasing the dosage or shortening treatment intervals, while maintaining the same drug or switching to a similar drug with different properties, could overcome tolerance. This strategy seemed to work in patients with residual center-involved DME following intravitreal bevacizumab who responded to 0.5 mg ranibizumab (i.e., improved visual and anatomic outcomes) [96] . Noteworthy, increased ranibizumab dosage to 2.0 mg provided additional benefit in those patients who did not respond to 0.5 mg ranibizumab [96] .
The identification of factors or clinical conditions able to predict drug response may be helpful for treatment individualization. For example, the difference between BCVA under optimal luminance and baseline low-luminance visual acuity (LLVA) was a predictor of ranibizumab response in wet AMD patients; specifically, a smaller baseline BCVA-LLVA gap predicted higher BCVA gains over 24 months [97] . Furthermore, activated forms of VEGF receptors, PDGF receptors, and c-KIT shed into the vitreous of patients with wet AMD have been proposed as possible biomarkers for predicting drug response [98] . Moreover, in this pilot study, the authors found that vitreous levels of VEGFR Y1175, VEGFR Y996, and PDGFRβ Y751 were significantly higher in AMD patients who respond to intravitreal bevacizumab [98] .
Math methods are commonly used in pharmacokinetic modeling and such an approach has also been applied to intravitreal anti-VEGF drugs [99] . In particular, this model predicted the in vivo activity of aflibercept at 10-12 weeks as comparable to that of an equimolar amount of ranibizumab at 30 days [99] . However, it is worth mentioning that the Authors' conclusions were only based on a published article showing that aflibercept had 100-fold higher binding affinity for VEGF than ranibizumab [12] , while other studies demonstrate no difference between aflibercept and ranibizumab in terms of affinity [14] and potency [15] . Such apparent discrepancies are most probably related to the very high affinity of the anti-VEGF agents tested and a number of experimental variables (e.g., the type and the temperature of assays employed), which make difficult obtaining accurate values. In line with this data, neovascular AMD patients studied in real-life clinical practice and treated with the same number of injections of ranibizumab and aflibercept had equivalent functional and morphologic outcomes [100] .
Most recently, it has been proposed that a reduction in central retinal thickness by ≤25%, 1 month after one anti-VEGF injection, is predictive of poor response to anti-VEGF treatment in patients with macular edema secondary to RVOs. These patients may benefit from earlier switching to intravitreal dexamethasone implant [83] .
Summary
Intravitreal anti-VEGF drugs are the mainstay of important angiogenesis-driven eye diseases. They have affinity and potency in the nanomolar to picomolar range of concentrations; however, inter-experimental variation makes data interpretation difficult and caution is required when establishing the rank order of affinity and potency for this class of drugs. Data on clinical efficacy obtained in a number of randomized clinical trials reinforce the importance of VEGF-A as the major targetable determinant in DME and wet AMD. The pathologic switch towards other angiogenic factors than VEGF-A (e.g., PlGF) might occur in severe disease states, during disease progression and/or development of anti-VEGF tolerance. Intravitreal anti-VEGF drugs can penetrate into the systemic circulation and alter systemic VEGF. Drug safety profile and low incidence of the most important side effects have been demonstrated in several randomized clinical trials; however, these studies lack the power to adequately assess small differences in these uncommon events and possible concerns, particularly in patients with important co-morbidity and in special populations, cannot be excluded a priori. The gaps in current understanding that leave open important questions in drug management are: (i) uncertainty about which drug should be given first, (ii) how long these drugs can be used safely, and (iii) the choice of the best pharmacological strategy after first-line treatment failure. Finally, the absence of a unanimous consensus on to how to classify the optimal response to intravitreal anti-VEGF drugs makes difficult to clearly define the poor or nonresponse phenotype.
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